An in-situ measurement technique of a material surface normal impedance is proposed. It includes a concept of "ensemble averaged" surface normal impedance that extends the usage of obtained values to various applications such as architectural acoustics and computational simulations, especially those based on the wave theory. The measurement technique itself is a refinement of a method using a two-microphone technique and environmental anonymous noise, or diffused ambient noise, as proposed by Takahashi et al. ͓Appl. Acoust. 66, 845-865 ͑2005͔͒. Measured impedance can be regarded as time-space averaged normal impedance at the material surface. As a preliminary study using numerical simulations based on the boundary element method, normal incidence and random incidence measurements are compared numerically: results clarify that ensemble averaging is an effective mode of measuring sound absorption characteristics of materials with practical sizes in the lower frequency range of 100-1000 Hz, as confirmed by practical measurements.
I. INTRODUCTION
With the rapid progress of computer technology, numerical simulations based on wave equations, such as finite element method and boundary element method, have become powerful tools for conducting acoustical investigations and carrying out design processes. 1 Although the boundary conditions of such simulations are generally modeled using surface impedance, insufficient impedance databases might have been supplied to date. What is contradictory is that in many rooms and environmental acoustic problems within the lower frequency range-roughly less than 1000 Hz-wavebased considerations are required, whereas various in-situ impedance measurements frequently encounter difficulties because of the wave characteristics of the sound. To overcome that situation, the authors proposed a method using a two-microphone technique and environmental anonymous noise: the "EA-noise method." 2 In the original method, the sound source was intended for use only with diffuse ambient noise that exists around the specimen to be measured. However, in the case where it is insufficient, a supplemental noise source͑s͒ can be added to improve the result, which is designated as the "pEA-noise method. 3 On the other hand, numerous methods have been proposed to measure the absorption characteristics of materials. [4] [5] [6] [7] [8] [9] [10] [11] [12] Allard et al. [6] [7] [8] [9] focused on a transfer function method using two microphones located near the surface. Their method enables in-situ measurement of a sample area. However, the required sample size increases as the frequency decreases. Meanwhile, Garai 10 proposed a method to measure the absorption coefficient in-situ using maximum length sequential ͑MLS͒ as a test signal to improve background noise immunity. Nevertheless, some problems remain, e.g., low frequency limitation. Moreover, Mommertz 11 described an improved PC-based method of measuring the reflecting coefficient in combination with subtraction technique. This method requires an appropriate window function to gate out parasitic reflection from other surfaces, and a diffracted wave comes from the edge of the sample. The time length of the window is so short that the frequency resolution becomes insufficient when a practical measurement is conducted in the low frequency range. Among the reports in the relevant literature, Nocke 12 proposed an area-averaged effective impedance to measure a material's absorption characteristics using a free field transfer function method with a MLS signal. The difference of the two concepts on averaging, those of Nocke and of the authors, is clarified in Secs. II-IV, but what we propose herein is time-space averaging over sound sources: neither the definitions nor the measuring techniques differ from conventional ones, including that of Nocke. Meanwhile, a particle velocity sensor, i.e., Microflown™, recently developed by de Bree, 13 has presented new modes for direct measurements of impedance, acoustic inten-sity, and other particle-velocity-related quantities;
14-17 the authors also described the use of a pu-sensor, a particle velocity sensor with a microphone, in the EA-noise method.
Sections II and III address pertinent concepts of ensemble averaged impedance and a basic technique to measure it using a pu-sensor. Simulations using the boundary element method ͑BEM͒ and a limited number of corresponding measurements are conducted as a preliminary study.
II. PROBLEM CONFIGURATION

A. General geometry and EA-noise method
The geometry of the system under consideration is depicted in Fig. 1 . Here, ⍀ , ͑x , y , z͒ and ͑r , , ͒, respectively, signify the upper half space, Cartesian, and polar coordinate systems and a point source P s and a specimen F with the area of L 1 ϫ L 2 are assumed to be as portrayed in the figure. An infinite hard-plane F 0 is also assumed to surround the specimen: in cases where the specimen has a thickness T, it might be a plane such as z =−T, z = 0, etc.
The setup of EA-noise method using two microphones ͑pp-sensor͒ is presented in Fig. 2 . The method is based on measurement of the transfer function between the microphones using a spectrum analyzer ͓fast-Fourier-transform ͑FFT͔͒. Ambient noise around the specimen is used as the sound source; if the noise is insufficient, the supplemental sound source can be added to improve the signal-to-noise ratio. The FFT resolution is set to 1.0 Hz and a Hamming window is employed. Measured data are averaged 30 times. The specimen to be measured is backed by a rigid wall.
As the first stage of our study, the objective of the previous paper 2 was set to carry out simple and stable measurement for absorption characteristics of materials in-situ.
For this study, measurements of the impedance of glass wool and rock wool have been made using method in various sound fields. Then, the repeatability and wide applicability of the method were demonstrated by comparing the results of measurements in one room with different noise conditions and in three other environments ͑corridor, cafeteria, and terrace͒.
On the other hand, if a pu-sensor is located at the material surface ͑Fig. 3͒, and if p surf and u n,surf , respectively, signify the sound pressure and particle velocity normal to the specimen's surface, then the surface normal impedance at a point ͑x , y ,0͒ is defined simply as Eq. ͑1͒:
Hereinafter, the expression ͑x , y͒ is omitted.
B. Ensemble averaged surface normal impedance at random incidence
We next introduce an impedance ͗Z n ͘, ensemble averaged impedance, over such a sufficient number of incoherent sound sources P S ͑r , , ͒ that random incidence can be expected. The impedance can be expressed as Eq. ͑2a͒ and ͑2b͒:
where ͗·͘ denotes the ensemble average. The two equations become identical if the system is ergodic and the statistical randomness both in time and space is achieved at every instance. In practical cases, however, especially in measurements, achieving randomness requires time-windowing with some sufficient length as well as some amount of averaging numbers. Therefore, it might be safer to adopt the latter equation for the definition of ͗Z n ͘ at this stage. The corresponding absorption coefficient ͗␣͘ is calculated as
͑3͒ In a practical measurement, to achieve the enough averaging, we propose the following equation:
III. MATH-PHYSICAL MODEL AND NUMERICAL CONFIRMATION USING BOUNDARY ELEMENT METHOD
Kawai proposed and conducted a numerical simulation using a boundary integral equation to investigate the area effect of sound-absorbent surfaces at the random incidence condition. It is summarized below.
A. Brief summary of Kawai's method
In Kawai's 18 method ͑see Fig. 4͒ , the thickness T of specimen F is set to zero. Its surface is assumed to be locally reactive; consequently, the following equation stands:
therein, ⌽, k, and A͑=1 / ͑Z n / c͒͒, respectively, represent the velocity potential, wave constant, and the specific admittance of F. The time factor exp͑−it͒ is omitted hereinafter. Considering the image point P i of a receiving point P with respect to F and F 0 , a fundamental solution using Green's function in Eq. ͑6͒ is used to derive an integral equation in Eq. ͑7͒.
G͑P,Q͒
In Eq. ͑6͒, r = PQ and r i = P i Q, where Q denotes a point source on F. Then, considering ͑1͒ the normal component of particle velocity vanishes on F 0 , ͑2͒ ‫ץ‬G / ‫ץ‬n =0 on F and F 0 , and ͑3͒ Sommerfeld's radiation condition, and letting ⌽͑P͒ denote the velocity potential at P and ⌽ D ͑P͒ be the direct wave at P, the following equation can finally be reduced:
͑7͒
When P is located on F, the BEM can give its solution numerically as
Using Eq. ͑8͒, Kawai conducted numerical simulations on absorption coefficients ␣ of glass wool of two sizes. The numerical calculations were conducted for m plane waves that are incident on the specimen's surface from equally distributed directions on the semi-sphere ͚ ͑m = 213 in the case͒ to simulate random incidence noise. The admittance of a specimen F to be simulated is measured using the tube method prior to the simulation; it is given into Eq. ͑8͒ as the initial admittance condition A of F. The resulting sound pressure and particle velocity calculated by simulation include the effect of A spread over F together with those of direct and image sources. Consequently, Kawai finally obtained the sound absorption coefficient of the specimen from the ratio of the summation of the incident and absorption energies. The incident energy, or intensity, is calculable from the incident sound pressure and particle velocity, whereas absorption energy can be obtained using the sound pressure and particle velocity on the absorbent surface.
B. Math-physical model for ensemble averaged impedance
We follow Kawai's method and simulate the phenomena by which ensemble averaged impedance is to be measured using the procedure described above to clarify whether ensemble averaging makes any sense. Unlike Kawai's procedure, we do not calculate any energy: rather we calculate a series of sound pressure p surf and particle velocity u n,surf using commercial BEM software ͑WAON, Version 3.1; Cybernet Systems Co. Ltd.͒, 19 then corresponding ͗Z n ͘ can be reduced using Eq. ͑2b͒.
Normal incidence simulation
Initially, rather simple normal incidence ͑ =0͒ cases for three isotropic materials are simulated and resulting Z n,0 and corresponding ␣ 0 are compared to those derived from Miki's empirical equations for an infinite porous material 20 ͑Z emp and ␣ emp , respectively͒. To realize the plane wave incidence, a point source P s is located at ͑0, 0, 500͒, or r = 500 m distance.
Three sizes of glass wool were used, with assumed for all three glass wool specimens to determine Z emp . The determined Z emp is assigned as the impedance condition A of F in the BEM simulation to be conducted.
Then, the surface impedance Z n,0 at the center of the specimen is calculated using Eqs. ͑8͒ and ͑1͒. The calculated Z n,0 is based on the assigned Z emp as an initial impedance condition, but it includes the effects originating from the geometrical configuration of the system. Here, to verify the effects including that of dЈ, the distance dЈ is set to 1 cm. Then both pressure and particle velocity at the point ͑0, 0, 0.01͒ are calculated in the frequency domains of 25-500 Hz at a 25 Hz interval and 500-1000 Hz at 50 Hz interval.
The results are portrayed in Fig. 5 : the intermediate lines of both simulated Z n,0 and corresponding ␣ 0 agree well with Z emp and ␣ emp , respectively, provided that the wavelike fluctuations are omitted. It is noteworthy that the absorption coefficient of a specimen with a finite size can be approximated using the method to fit that of the same material with infinite
Nonetheless, discrepancies exist: wavelike fluctuations at frequencies of 100-800 Hz. The discrepancies are thought to result from the interference between direct waves and diffracted waves from the edges around the specimen. Following the fundamental physics according to equation derived by Spandöck, 21 in-phase and out-of-phase frequencies that cause interference, f in and f out , respectively, can be estimated easily using Eqs. ͑9͒ and ͑10͒ on the condition of r ӷ L and , i.e., wavelength.
In those equations, ⌬L = L / 2, which is the path length difference between the direct sound wave and a representative reflected sound wave, and n =1,2,.... The specimens have rectangular shapes. Therefore, ⌬L lies between L / 2 and ͱ 2L / 2. The frequencies for the cases of both ⌬L = ͑L / 2 + ͱ 2L / 2͒ / 2 and c = 340 m / s are calculated and listed in Table I . The frequencies around which the wavelike fluctuations are portrayed in Fig. 5 coincide well with the in-phase and out-of-phase frequencies presented in Table I . Therefore, the issues that can be reduced to sound absorption characteristics might be measured using such a method with a sound source, but the wavelike fluctuations resulting from interference might be unavoidable.
The larger the specimen, the more numerous but smaller in amplitude the wavelike fluctuation becomes. However, because it is usual for buildings to use such a material as with L Ӎ 1 m, an in-situ absorption measurement of the material using some reflection method will interfere. Figure 5 also shows that, in the case where the material has L = 4 m size, good results without distinct fluctuation can be expected only for frequencies higher than 700 Hz, whereas wavelike distortions are unavoidable below that frequency.
Random incidence simulation
Next, the same BEM calculations with the exception of the sound source condition are conducted for the same glass wool ͑L =1 m͒. Point sources are located at equally distrib- 
uted m = 206 points on the sphere with radius r = 500 m. The sound source number is slightly less than that of Kawai's model, but we conducted several preliminary simulations and confirmed that the difference is negligible. A series of BEM calculations was performed changing the sound source simultaneously: the phases and amplitudes of the sound sources are randomized to average. A series of random numbers that follow a Gaussian distribution N͑ , 2 ͒ with mean and variance 2 is generated for the modeling of sound source amplitude. Similarly, a series of random numbers follows the uniform distribution ͓− , ͔ for the phase. The values of and that correspond, respectively, to 120 and 20 dB are assigned, and with a set of calculated p surf and u n,surf , ensemble averaged impedances are calculated using Eq. ͑2b͒.
Actually, Fig. 6 shows that the wavelike fluctuations found in the normal incident simulations ͑Fig. 5͒ can be flattened. The figure also shows that the simulated ͗Z n ͘ and corresponding ͗␣͘ agree fairly well, respectively, with assigned Z emp and corresponding ␣ emp . The result alleviates the second issue that the ensemble averaged surface normal impedance gives an excellent approximation of surface normal impedance of the material with no distinct fluctuation caused by the interference. Even if the specimen's size is L = 1 m, the equation ͗Z n ͘ӍZ emp stands.
IV. EXPERIMENTAL CONFIRMATION A. Measurement outline and comparison with simulation
Measurements of two types were conducted to support the issues inferred from results of the BEM simulations: one in an anechoic room with the volume of 58 m 3 , the other in a reverberation room with non-parallel walls and with 165 m 3 . Both rooms are at the Computing Center of Oita University. The measurements followed the basic procedure described in a previous paper 2 except that is not a pp-sensor: instead, it is a pu-sensor. In addition, calibration of the pusensor is made in an impedance tube with selected frequency range to determine the correction of amplitude and phase response. 22, 23 The environment noises inside are insufficient in such rooms. Therefore, an additional speaker͑s͒ generating incoherent pink noise is ͑are͒ used as follows: in the anechoic room, a loudspeaker ͑10 cm single-cone speaker in a box͒ is located at r = 2 m distance normal to the glass wool to realize a normal incidence condition. In the reverberation room, seven loudspeakers including a subwoofer generating incoherent pink noise are distributed over the floor to realize a random incidence condition.
In each room, glass wool with dimensions of 0.9ϫ 0.9 ϫ 0.05 m 3 and density of 32 kg/ m 3 is laid on the floor. The four sides of the glass wool are covered with thin aluminum plates. In the anechoic room, the glass wool is laid on a 0.02 m acrylic plate, whereas in the reverberation room it is laid on the concrete floor directly. The glass wool size ͑L = 0.9 m͒ is not exactly identical to that of the simulated one in Sec. III ͑L =1 m͒, but we expected to have sufficient validity for fundamental discussion at this stage.
Then a pu-sensor ͑PT0406-7; Microflown Technologies͒ is placed at the center of the glass wool with dЈ = 1 cm, and the sensor's outputs are plugged into a two channel FFT instrument ͑SA-78; Rion Co. Ltd.͒. The FFT resolution is set to 1.25 Hz and a Hanning window with 0.8 s time length is used. Measured data are averaged 120 times. The FFT instrument settings we used differ slightly from those used with original method, 2 but we conducted several preliminary measurements and confirmed that they do not give any essential effect onto the results.
Comparison at normal incidence
In Fig. 7 , the normalized surface normal impedances and corresponding absorption coefficients of the glass wool at normal incidence condition obtained using the measurement were compared to those obtained by simulation. The measurement is conducted in the anechoic room, and the simulated values are those of L = 1 m case shown in Fig. 5 . Again, the wavelike fluctuations are readily apparent in the measured data.
The experimental result also supports the first issue: the wavelike fluctuations are unavoidable for a measuring method with a normal incidence sound source. The measurement is conducted in a rather small anechoic room. The distance r or the distance from the specimen to the ceiling or side walls is not sufficiently great that there might be reflections or some more interference effects to disturb the measurement.
Additionally, in the lower frequency range of less than 200 Hz, many distortions are apparent in the measured values, both Z n and ␣, which suggests that the sound energy in the range might be insufficient. Treatment of the spherical wave might be necessary to improve the accuracy in the frequency range. 
Comparison at random incidence
The sound absorption characteristics of the glass wool are measured in the reverberation room for comparison to the BEM simulation using ensemble averaging. In the upper part of Fig. 8 , the measured and simulated normalized surface normal impedances ͗Z n ͘ at random incidence conditions are compared. The lower part of Fig. 8 depicts a comparison of the corresponding absorption coefficients ͗␣͘. No distinct fluctuation is observed in measured ͗Z n ͘ or in measured ͗␣͘, which supports the second issue that ensemble averaging is sufficiently effective to reduce the wavelike fluctuations in the resulting absorption characteristics.
However, a non-negligible discrepancy remains between the measured and simulated data at frequencies of 100-900 Hz. Comparison of the results between normal and random incidence conditions shows a discrepancy in results from anisotropy of the glass wool which is not incorporated in the math-physical model above.
B. Improved simulation with anisotropy consideration
Consideration of anisotropy of glass wool into BEM simulation
For glass wool, angular-dependent normal impedance Z n, can be estimated using Eq. ͑11͒ which was given by Allard et al. 24 and originated by Pyett. 25 Knowing the planar and normal wavenumbers k p and k n in the glass wool,
The quantities k q and ␥ q are equal to
where k 0 is the wavenumber in air. A series of procedures described by Allard et al. 7 is conducted to determine the k p and k n . First, several preliminary measurements using an acoustic tube were conducted and a normal flow resistivity, n , of 10 000 N s/ m 4 was chosen for the glass wool to fit the predicted normal surface impedances given by the empirical equations. 20, 26 Next, the anisotropy parameter s = p / n was inferred to be equal to 0.6, in which p denotes the planar flow resistivity. Finally, k p and k n are calculated as propagation constants using empirical equations. 7, 27 Thereby, Z n, is obtainable. To consider the anisotropy of the glass wool in the BEM simulation at random incidence that is described in Sec. III B 2, Z n, is obtained following the procedure described above. In addition, 1 / ͑Z n / c͒ is given as the initial admittance condition A of F into BEM calculation for each of the 206 sound sources. Except for the initial admittance condition, the remainder of the treatments in the improved BEM simulation is the same as those of the original BEM simulation, and ensemble averaged impedance with anisotropy consideration of glass wool is obtainable using the improved BEM simulation.
Comparison with measurement
The impedance and corresponding absorption coefficient obtained using the improved BEM simulation with anisotropy consideration of the glass wool ͑L =1 m͒ are compared with those by the original BEM simulation and with those by the measurement in Fig. 9 ͑the latter two values are shown in Fig. 8͒ .
In Fig. 9 , in the frequency range of 150-1000 Hz, the absorption coefficients obtained using the improved BEM simulation exceed those obtained using the original BEM simulation. Moreover, the agreement between the simulated and the measured absorption coefficients is improved remarkably by considering anisotropy in the BEM simulation.
Similar improvement is apparent in the agreement of the real parts of the impedances between the improved simulation and the measurement. Although the imaginary parts of the simulated impedance do not show distinct change, we consider that, on the whole, the agreement is sufficient for the BEM simulation to investigate the phenomena at this stage of our study.
V. CONCLUSIONS
The pertinent concept of ensemble averaged surface normal impedance to be measured using an in-situ technique and its math-physical model was presented. Several BEM simulations of glass wool both at normal and at random incidences demonstrate that ensemble averaging decreases the interference effect caused mainly by the specimen's edges and that the ensemble averaged surface normal impedance at random incidence gives an appropriate expected value of the surface normal impedance of the material. Measurements in experimental rooms of two types were conducted for comparison with the simulations, yielding plausible agreement to support the issues. Further numerical and experimental investigations are now being pursued intensively.
